Evolutionarily conserved histone H3 variant Cse4 and its homologues are essential components of specialized centromere (CEN)-specific nucleosomes and serve as an epigenetic mark for CEN identity and propagation. Cse4 is a critical determinant for the structure and function of the kinetochore and is required to ensure faithful chromosome segregation. The kinetochore protein Pat1 regulates the levels and spatial distribution of Cse4 at centromeres. Deletion of PAT1 results in altered structure of CEN chromatin and chromosome segregation errors. In this study, we show that Pat1 protects CEN-associated Cse4 from ubiquitination in order to maintain proper structure and function of the kinetochore in budding yeast. PAT1-deletion strains exhibit increased ubiquitination of Cse4 and faster turnover of Cse4 at kinetochores. Psh1, a Cse4-specific E3-ubiquitin ligase, interacts with Pat1 in vivo and contributes to the increased ubiquitination of Cse4 in pat1∆ strains. Consistent with a role of Psh1 in ubiquitination of Cse4, transient induction of PSH1 in a wildtype strain resulted in phenotypes similar to a pat1∆ strain, including a reduction in CENassociated Cse4, increased Cse4 ubiquitination, defects in spatial distribution of Cse4 at kinetochores, and altered structure of CEN chromatin. Pat1 interacts with Scm3 and is required for its maintenance at kinetochores. In conclusion, our studies provide novel insights into mechanisms by which Pat1 affects the structure of CEN chromatin and protects Cse4 from Psh1-mediated ubiquitination for faithful chromosome segregation.
INTRODUCTION
The kinetochore is composed of centromeric (CEN) DNA, associated protein complexes, and a distinct chromatin structure (Bloom and Carbon, 1982) and is essential for faithful chromosome segregation in every eukaryotic system (Allshire and Karpen, 2008; Verdaasdonk and Bloom, 2011; Burrack and Berman, 2012; Choy et al., 2012; Maddox et al., 2012) . The dissection of kinetochore structure and function of budding yeast has actively been pursued since the discovery of centromeres in 1980 (Clarke and Carbon, 1980) . About 71 kinetochore proteins have been identified (Lechner and Carbon, 1991; Pot et al., 2003; Crotti and Basrai, 2004; Cho et al., 2010; Gonen et al., 2012; Mishra et al., 2013) ; many of them are evolutionarily conserved, with orthologues found in fungi, flies, worms, and humans (Hartzog et al., 1996; Kitagawa and Hieter, 2001; Meraldi et al., 2006; Przewloka and Glover, 2009; Lampert and Westermann, 2011) . Although CEN function is evolutionarily conserved, the CEN DNA sequence differs among organisms, ranging from the ∼125 base pairs of unique DNA sequences in budding yeasts to several mega-base pairs of DNA composed of repeated sequences, species-specific satellite DNA arrays, or retrotransposon-derived sequences in other organisms (Clarke and Carbon, 1980; Allshire and Karpen, 2008; Verdaasdonk and Bloom, 2011; Burrack and Berman, 2012; Maddox et al., 2012) . Despite such a variation in DNA sequence, CEN DNA in every eukaryotic organism examined so far is marked with specialized nucleosomes carrying an evolutionarily conserved histone H3 variant (Cse4 in budding yeast, Cnp1 in fission yeast, CID in fruit fly, HTR12 in Arabidopsis, and cse4 16KR cannot be ubiquitinated (Ranjitkar et al., 2010) , this fastermigrating species likely represents unmodified forms of Cse4, which interact with ubiquitinated proteins bound to Ub + agarose. Similar observations were made previously in Ub + affinity agarose experiments with wild-type Cse4 and cse4 16KR Hewawasam et al., 2014) . In a logarithmically growing culture, higher levels of ubiquitinated Cse4 were observed in a pat1Δ strain, as evident from the laddering pattern when compared with the wild-type strain ( Figure 1A , lanes 7 and 8 and input control lanes 5 and 6). To examine whether Cse4 ubiquitination is affected by the cell cycle stage, we assayed ubiquitination of Cse4 in wild-type and pat1Δ strains that were synchronized in G1 (α-factor treatment), S (hydroxyurea treatment), and G2/M (nocodazole treatment) stages of the cell cycle. Hydroxyurea blocks the synthesis of deoxyribonucleotides, inducing a DNA replication-dependent checkpoint in S phase (Weinert et al., 1994) , whereas nocodazole inhibits polymerization of microtubules, leading to a cell cycle arrest in mitosis (Jacobs et al., 1988) . The cell cycle synchronization was verified by fluorescence-activated cell sorting (FACS) analysis (Supplemental Figure S1A ). In wild-type cells, the ubiquitination of Cse4 was much higher in mitotic (G2/M) cells ( Figure 1A , lane 19 and input control lane 17), and was barely detectable in G1 and S phase-arrested cells ( Figure 1A , lanes 11 and 15 and input control lanes 9 and 13). In a pat1Δ strain, maximum Cse4 ubiquitination was also observed in mitotic (G2/M) cells ( Figure 1A , lane 20 and input control lane 18), however, it was consistently higher than the wildtype strain in all cell cycle stages examined (Figure 1A, lanes 12, 16, and 20, and input control lanes 10, 14, and 18) . Control experiments performed with a wild-type strain with agarose beads without Ub-binding activity (Ub − ) do not exhibit a laddering pattern for Cse4 ( Figure 1A, lane 21) . Next we quantified the fraction of ubiquitinated Cse4 and normalized this to the total Cse4 levels (input) in each stage of the cell cycle as described previously . The enrichment of ubiquitinated Cse4 was significantly higher (twofold to threefold) in mitotic (G2/M) cells than in the G1 or S phase cells ( Figure 1B) . The increased ubiquitination of Cse4 in mitosis was verified by assaying cells synchronized in G1 (α-factor treatment) and released into pheromone-free medium (Supplemental Figure S2 , A-D). Consistent with the increased ubiquitination of Cse4 in nocodazole-treated cells ( Figure 1A) , higher levels of ubiquitinated Cse4 were observed in cells undergoing mitosis (Supplemental Figure S2 , A-D). To determine whether only ubiquitination of Cse4 is increased in pat1Δ strains or the overall ubiquitination activity is up-regulated, we examined the ubiquitination of histone H2B in wild-type and pat1Δ strains. The levels of histone H2B ubiquitination were largely similar between wild-type and pat1Δ strains, suggesting that the increased ubiquitination of Cse4 in a pat1Δ strain is specific to Cse4 (Supplemental Figure S2E ).
To confirm further and validate the use of Ub + agarose for ubiquitination status of Cse4, we immunoprecipitated endogenously expressed Myc-tagged Cse4 and examined the ubiquitination status of Cse4 by Western blot analysis using anti-ubiquitin and anti-Myc antibodies. Consistent with results from Ub + experiments ( Figure 1A ), higher levels of Cse4 ubiquitination were observed in a pat1Δ strain than with the wild-type strain ( Figure 1C ). Control experiments with an untagged strain do not exhibit a laddering pattern for Cse4 ( Figure 1C ).
Chromatin immunoprecipitation (ChIP) experiments followed by quantitative PCR (qPCR) were done to examine whether the increased ubiquitination of Cse4 in pat1Δ strains may be due to higher levels of Psh1 at CEN. CEN levels of Psh1 in a logarithmically growing culture were not significantly different between the wild-type CENP-A in humans; Allshire and Karpen, 2008; Verdaasdonk and Bloom, 2011; Burrack and Berman, 2012; Maddox et al., 2012) . In budding yeast, ubiquitin-mediated proteolysis of Cse4 is important for kinetochore function and faithful chromosome segregation (Collins et al., 2004; Au et al., 2008 Au et al., , 2013 Deyter and Biggins, 2014) . For example, an E3-ubiquitin ligase, Psh1, targets excess Cse4 for ubiquitination and proteolysis in order to prevent Cse4 mislocalization to non-CEN regions (Hewawasam et al., 2010 (Hewawasam et al., , 2014 Ranjitkar et al., 2010) . Because Psh1 also associates with CEN DNA, it is proposed that either the association of Cse4 with Scm3 and/or assembly of CEN chromatin exclude Psh1-mediated ubiquitination of CEN-associated Cse4 (Hewawasam et al., 2010) .
We recently identified an evolutionarily conserved protein Pat1 (protein associated with topoisomerase II; PATL1 in humans) as a structural component of budding yeast kinetochores . Pat1 associates with CEN chromatin and regulates kinetochore structure to promote faithful chromosome segregation (Haase et al., 2013; Mishra et al., 2013) . It is proposed that there are two pools of Cse4 molecules at the budding yeast kinetochores (Lawrimore et al., 2011; Haase et al., 2013) . The core Cse4 molecules mediate attachment of kinetochores to microtubules, whereas the accessory (or peri-CEN) molecules may be required for the rapid assembly of Cse4 in case of its removal from the centromeres (Haase et al., 2013) . Deletion of PAT1 results in depletion of the peri-CEN Cse4 molecules (Haase et al., 2013; Scott and Bloom, 2014) . However, the molecular mechanism by which Pat1 regulates Cse4 molecules at kinetochores remains unknown.
In this study, we report that Pat1 protects Cse4 from Psh1-mediated ubiquitination. In the absence of Pat1, we observed increased Cse4 ubiquitination regulated by the cell cycle and faster turnover of Cse4 at kinetochores. Transient induction of PSH1 in a wild-type strain exhibits phenotypes similar to a pat1Δ strain, such as increased Cse4 ubiquitination, reduced Cse4 at kinetochores, and alterations in structural integrity of CEN chromatin. Pat1 interacts with Scm3 and regulates the centromeric levels of Scm3. Together our data uncover a novel Pat1-dependent mechanism for the maintenance of peri-CEN Cse4 molecules at kinetochores, which includes the protection of Cse4 from Psh1-mediated ubiquitination.
RESULTS

pat1∆ strains exhibit increased ubiquitination of Cse4
Pat1 is a structural component of the budding yeast kinetochore , and deletion of PAT1 exhibits reduction in CEN-associated Cse4 and depletion of peri-CEN Cse4 molecules (Haase et al., 2013) . Ubiquitination of Cse4 by an E3-ubiquitin ligase, Psh1, regulates cellular levels of Cse4 (Hewawasam et al., 2010; Ranjitkar et al., 2010; Au et al., 2013) . Because Psh1 associates with CEN DNA (Hewawasam et al., 2010) , we reasoned that reduced levels of Cse4 at CEN DNA in pat1Δ strains (Haase et al., 2013) may be due to increased ubiquitination of Cse4. Hence we examined the ubiquitination state of endogenously expressed Cse4 in wild-type and pat1Δ strains. Controls included a strain expressing cse4 16KR , a mutant allele of Cse4 that cannot be ubiquitinated because all lysine residues are replaced with arginine (Ranjitkar et al., 2010; Au et al., 2013) , and an untagged wild-type strain. Agarose beads with tandem ubiquitin-binding entities (Ub + ) were used in an affinity assay (Hjerpe et al., 2009; Au et al., 2013) to pull down ubiquitin-associated proteins, and ubiquitination status of Cse4 was examined by Western blot analysis. Untagged wild-type and cse4 16KR strains do not show a laddering pattern for Cse4 ( Figure 1A , lanes 3 and 4). A faster-migrating species is observed in the Ub + pull down from all strains that were similar in size to the input band. Because increased ubiquitination of Cse4 observed in pat1Δ strains was also diminished in the pat1Δ psh1Δ strain ( Figure 3A , lane 8 and input control lane 4).
Next we performed ChIP-qPCR to examine the levels of Cse4 at kinetochores in these strains. In agreement with previous observations (Haase et al., 2013) , the levels of Cse4 at CENs (CEN1, CEN3, and CEN5) were reduced in pat1Δ strains ( Figure 3B ). Consistent with the ubiquitination state of Cse4 ( Figure 3A ), the levels of Cse4 at kinetochores were higher in the pat1Δ psh1Δ strain than in the pat1Δ strain ( Figure 3B ). To examine whether Pat1 interacts with Psh1 in vivo, we performed immunoprecipitation experiments using a strain that expressed both Flag-tagged Pat1 and TAP-tagged Psh1 from their endogenous promoters. Our results showed an interaction between Pat1 and Psh1 ( Figure 3C) . No interactions were observed in control experiments using a wild-type strain carrying only TAP-tagged Psh1 ( Figure 3C ). Taken together, these observations show that Psh1 contributes to increased ubiquitination of Cse4 in a pat1Δ strain.
Previous studies showed an in vivo interaction between Psh1 and Cse4 (Hewawasam et al., 2010; Ranjitkar et al., 2010) . We did immunoprecipitation experiments to determine whether the increased ubiquitination of Cse4 in pat1Δ strains is due to altered interaction of Psh1 and Cse4 in these strains. Experiments were done with wildtype and pat1Δ strains expressing TAP-tagged Psh1 and HA-tagged Cse4 from their endogenous promoters. The interaction of Psh1 and Cse4 is not significantly different in the pat1Δ strains compared to the wild-type strain ( Figure 3D ). No signals were observed in control experiments using a wild-type strain carrying only TAP-tagged Psh1 ( Figure 3D ).
Induction of PSH1 results in increased Cse4 ubiquitination, reduction in centromere-associated Cse4, and altered spatial distribution of Cse4 at kinetochores Our results show that Psh1 contributes to increased ubiquitination of Cse4 in a pat1Δ strain. Hence we examined whether transient induction of PSH1 exhibits phenotypes similar to those observed in a pat1Δ strain. Because constitutive overexpression of PSH1 causes loss of viability in wild-type and pat1Δ strains (Supplemental Figure  S5) , all experiments were done with a GALPSH1 strain grown for 6 h in galactose medium ( Figure 4 , A and B). In agreement with our hypothesis, transient induction of PSH1 showed increased Cse4 ubiquitination in a wild-type strain compared with the vector control ( Figure 4B , lanes 6 and 8). Higher levels of ubiquitinated Cse4 were observed in a pat1Δ strain; however, no major differences in Cse4 ubiquitination with and without induction of PSH1 were observed in a pat1Δ strain ( Figure 4B , lanes 7 and 9). Control experiments performed using chromatin extracts from the wild-type strain with agarose beads without Ub-binding activity (Ub − ) exhibited no laddering pattern for Cse4 ( Figure 4B , lane 5). Consistent with the role of Psh1 in Cse4 proteolysis (Hewawasam et al., 2010; Ranjitkar et al., 2010) , transient induction of PSH1 in a wild-type strain caused faster degradation of Cse4 (approximately sixfold to sevenfold) than the vector control (Figure 4, C and D) .
ChIP experiments were used to determine whether increased ubiquitination of Cse4 contributes to lower levels of Cse4 at CEN in GALPSH1 strains. ChIP-qPCR revealed that the level of CEN-associated Cse4 was reduced significantly in wild-type and pat1Δ strains with GALPSH1 when compared to the levels observed in a wild-type strain with vector alone ( Figure 5A ). Of note, the transient induction of PSH1 in a wild-type strain exhibits CEN-associated Cse4 levels similar to those observed in a pat1Δ strain ( Figure 5A ). No significant enrichment of Cse4 was observed at the non-CEN HML locus ( Figure 5A ).
(1.46% of input at CEN1 and 1.38% at CEN3) and pat1Δ (1.92% at CEN1 and 2.03% at CEN3) strains, although slightly higher levels were observed in pat1Δ strains ( Figure 1D ). To examine whether CEN association of Psh1 is cell cycle regulated, we did ChIP experiments using cells synchronized in G1 with α-factor, in S phase with hydroxyurea, or in G2/M with nocodazole treatment. Cell cycle synchronization was confirmed by FACS analysis (Supplemental Figure  S1B ). No significant enrichment of Psh1 was detected at either CEN or non-CEN ACT1 regions in ChIP-qPCR experiments with an untagged strain (Supplemental Figure S3 ). CEN levels of Psh1 were not significantly different between wild-type and pat1Δ strains in G1 and S phase of the cell cycle ( Figure 1D ). However, in G2/M cells, CEN levels of Psh1 were significantly higher in the pat1Δ strain (2.31% at CEN1 and 2.33% at CEN3) than the wild type (1.54% at CEN1 and 1.69% at CEN3; p < 0.05; Figure 1D ). No significant enrichment of Psh1 was observed at ACT1 locus used as a control ( Figure 1D ). Protein expression level of Psh1 was similar between the wild-type and pat1Δ strains ( Figure 1E ).
Centromeric Cse4 exchanges rapidly in pat1∆ strains
Increased ubiquitination of Cse4 ( Figure 1A ) and depletion of peri-CEN Cse4 molecules in a pat1Δ strain (Haase et al., 2013) suggest that Pat1 may protect CEN-bound Cse4 from ubiquitination and make it more stable at the kinetochore. Hence we examined whether a deletion of PAT1 results in a faster exchange of Cse4-GFP at metaphase kinetochores by using a fluorescence recovery after photobleaching (FRAP) assay (Pearson et al., 2004) . The Cse4-GFP strain does not exhibit growth defects at 25 and 38°C, suggesting that GFP tagging of Cse4 does not affect its function (Figure 2A ). Cse4-GFP-labeled centromeres were photobleached, and FRAP (pre and post) was followed at 1-min intervals for 10 min. The average fluorescence recovery of Cse4-GFP after photobleaching in the wild-type strain was low at ∼13% ± 3 (mean ± SE, n = 6, after 5 min), indicating that Cse4 is a stable component of the kinetochore and that centromeres remained positioned within their respective spindle half after metaphase congression ( Figure 2B) . The low level of Cse4-GFP fluorescence recovery as observed here for the wild-type strain has been reported previously (Pearson et al., 2004; Lawrimore et al., 2011) . Consistent with our hypothesis, the average Cse4-GFP fluorescence recovery in the pat1Δ strain was 23% ± 5 (mean ± SE, n = 13, after 5 min; Figure 2 , B-D, and Supplemental Figure S4 ), which is significantly faster than that for the wild-type strain (p < 0.05). Taken together, these observations support the conclusion that Pat1 is required for stable maintenance of Cse4 at the kinetochores and protects it from ubiquitination.
Psh1 contributes to the increased ubiquitination of Cse4 in a pat1∆ strain
The increased ubiquitination of Cse4 and higher levels of CENbound Psh1 in pat1Δ strains ( Figure 1 , A and C) during mitosis prompted us to investigate whether Psh1 contributes to the increased ubiquitination of Cse4 in the pat1Δ strain. We created a pat1Δ psh1Δ strain and assayed the ubiquitination of Cse4 in this strain and compared it to that of wild-type, pat1Δ, and psh1Δ strains. No laddering pattern for Cse4 was observed in control experiments performed with a wild-type strain using agarose beads without Ubbinding activity (Ub − ; Figure 3A , lane 9). As observed previously ( Figure 1A ), the ubiquitination of Cse4 was much higher in the pat1Δ strain ( Figure 3A 1: Cse4 ubiquitination is cell cycle dependent and is increased in pat1Δ strains. (A) Cell cycle-dependent ubiquitination of Cse4, which is increased in a pat1Δ strain. Western blotting showing the levels of Cse4 ubiquitination (Ub n ) in wild-type (WT, YMB6398) and pat1Δ (YMB8422) strains in cells grown to different stages of the cell cycle: logarithmic phase (LOG), G1 cells synchronized with α-factor, S phase cells synchronized with (HU), and G2/M cells synchronized with nocodazole (NOC). Wild-type strain with mutant cse4 16KR in which all lysine residues are changed to arginine (16KR; Au et al., 2013) and an untagged strain (untag; YPH499) were used as control in ubiquitin pull-down experiments. Eluted proteins were analyzed by Western blotting with α-Myc (Cse4) or α-Tub2 (served as a loading control) antibodies. Molecular weight markers for protein size in kilodaltons. (B) Quantification of relative ubiquitination 183 ± 155 nm; n = 208; Figure 7A ; Haase et al., 2013) . However, the wild-type strain with transiently induced PSH1 levels exhibited a change in the two-dimensional structure of Cse4 similar to that observed for a pat1Δ strain. The distance of Cse4 from the spindle pole was 242 ± 111 nm, whereas the spread of Cse4 perpendicular to the spindle (width across spindle) was reduced to 102 ± 95 nm (n = 204; Figure 7B ). Transient induction of PSH1 in a pat1Δ strain did not further exacerbate the two-dimensional structure of Cse4 (Haase et al., 2013) .
We previously showed that reduced levels of CEN-bound Cse4 contribute to its altered spatial distribution in pat1Δ strains (Haase et al., 2013) . Given the similarity of phenotypes of pat1Δ with the transient induction of PSH1, we reasoned that spatial distribution of Cse4 at metaphase kinetochores could be altered in GALPSH1 strains. Our results supported this hypothesis, as the spot width of Cse4, which spans 678 nm, was decreased to 513 nm upon transient induction of PSH1 in a wild-type strain ( Figure 5B ). Consistent with our previous results (Haase et al., 2013) , a decrease of Cse4 spot width to 595 nm was observed in a pat1Δ strain. The spatial distribution of Cse4 remained unaltered upon transient induction of PSH1 in a pat1Δ strain ( Figure 5B ). Induction of PSH1 specifically affects the distribution of Cse4, as the distribution of another kinetochore protein, Ndc80, was not altered in a GALPSH1 strain (Supplemental Figure S6 ) or a pat1Δ strain (Haase et al., 2013) .
Induction of PSH1 results in structural changes of CEN chromatin and kinetochores
The reduced levels of CEN-associated Cse4 led us to examine whether transient induction of PSH1 causes defects in the structural integrity of CEN chromatin similar to that observed in a pat1Δ strain, by using DraI accessibility assay (Saunders et al., 1990; Meluh et al., 1998; Mythreye and Bloom, 2003; Crotti and Basrai, 2004; Yu et al., 2011; Mishra et al., 2013) . Induction of PSH1 increased DraI accessibility of CEN3 chromatin in a wild-type strain (sixfold to eightfold) compared to the strain with vector alone ( Figure 6 ). In agreement with previous results , increased DraI accessibility of CEN3 chromatin was observed in the pat1Δ strain with vector alone ( Figure 6 ). There was a slightly higher DraI accessibility of CEN3 in the pat1Δ+GALPSH1 strain, although this was not statistically significant. Deletion of PAT1 or transient overexpression of PSH1 did not affect the structure at non-CEN regions such as ADP1 (H3 chromatin; Figure 6 ).
Next we examined whether induction of PSH1 alters the twodimensional distribution of Cse4 at the kinetochores similar to that observed in a pat1Δ strain (Haase et al., 2013) . The distance of Cse4 from the spindle pole body and the spread of Cse4 perpendicular to the spindle pole body were measured. Cse4 distribution in both the wild-type and pat1Δ strains was within 5 nm relative to the spindle pole body (distance from spindle pole: wild type, 286 ± 120 nm; pat1Δ, 281 ± 74 nm). However, the spread of Cse4 perpendicular to the spindle (width across spindle) was reduced about twofold in pat1Δ strains (wild type, 181 ± 155 nm; pat1Δ, 108 ± 102 nm; Haase et al., 2013) . Cse4 distribution in the wild-type strain without PSH1 overexpression was similar to previous observations (distance from spindle pole, 285 ± 122 nm; width across spindle, strain that expressed HA-tagged Pat1, Flag-tagged Scm3, and Myctagged Cse4 from their endogenous promoters. No signals were observed in a control experiment using an untagged Pat1 strain ( Figure 8A ). As previously reported, we observed an interaction between Scm3 and Cse4 (Camahort et al., 2007; Mizuguchi et al., 2007; Stoler et al., 2007; Mishra et al., 2011) . Immunoprecipitation results showed that Pat1 interacts with Scm3 and Cse4 but not with histone H3 in vivo.
Pat1 interacts with Scm3 and pat1∆ strains showed reduced levels of centromeric Scm3
The kinetochore protein Scm3 is a Cse4-specific assembly factor and protects centromeric Cse4 from Psh1-mediated ubiquitination (Hewawasam et al., 2010) . Because reduced levels of peri-CEN Cse4 contribute to its altered spatial distribution in pat1Δ strains (Haase et al., 2013) , we examined whether Pat1 interacts with Scm3 in vivo and affects the levels of centromeric Scm3. We constructed a Antibodies used were α-Myc (Cse4) or α-Tub2 (served as a loading control). Molecular weight markers for protein size in kilodaltons. (B) Deletion of PSH1 results in higher levels of Cse4 at kinetochores in the pat1Δ psh1Δ strain. WT (YMB6398), pat1Δ (YMB8422), psh1Δ (YMB9311), and pat1Δpsh1Δ (YMB9312) strains were grown to logarithmic phase of growth in YPD at 30°C, and ChIP for Cse4 was performed. The enrichment levels of Cse4 at CEN (CEN1, CEN3, CEN5) and non-CEN (ACT1) regions are presented. Enrichment was determined by qPCR and is shown as percentage input. Average from three biological experiments ± SE. Values sharing the same letter are not significantly different at a 5% level based on analysis of variance (p > 0.05). (C) Pat1 interacts in vivo with Psh1. Immunoprecipitation experiments were done using agarose beads conjugated with α-Flag antibodies using cell extracts from strain YMB9280 expressing Flag-tagged Pat1 and TAP-tagged Psh1 (PSH1-TAP PAT1-FLAG) and a control strain YMB8126 expressing TAP-tagged Psh1 (PSH1-TAP PAT1) from their native promoters. Strains were grown in YPD at 30°C. Eluted proteins were analyzed by Western blotting with α-Flag (Pat1) and α-TAP (Psh1) antibodies. Molecular weight markers for protein size in kilodaltons. (D) Deletion of PAT1 does not significantly affect the in vivo interaction between Psh1 and Cse4. Immunoprecipitation experiments were performed using agarose beads conjugated with α-HA antibodies using cell extracts from WT (YMB9281) and pat1Δ (YMB9282) strains expressing TAP-tagged Psh1 and HA-tagged Cse4 (PSH1-TAP CSE4-3HA) from their native promoters. For control experiments, WT (YMB8126) and pat1Δ (YMB9096) strains expressing TAP-tagged Psh1 (PSH1-TAP CSE4) from their native promoters were used. Strains were grown in YPD at 30°C. Eluted proteins were analyzed by Western blotting with α-HA (Cse4) and α-TAP (Psh1) antibodies. Protein signals were quantified using ImageJ software (Schneider et al., 2012) . Molecular weight markers for protein size in kilodaltons.
ChIP-qPCR experiments showed that the level of CEN-associated Scm3 was reduced significantly in pat1Δ (0.71% of input at CEN1, 0.70% at CEN3, and 0.56% at CEN5) compared with the levels observed in a wild-type strain (1.97% at CEN1, 1.80% at CEN3, and 1.56% at CEN5; Figure 8B ). No significant enrichment of Scm3 was detected at the non-CEN HML locus ( Figure  8B ). Western blotting revealed that the reduction in CEN-associated Scm3 in the pat1Δ strain was not due to reduction in the protein levels of Scm3 ( Figure 8C ). The interaction of Pat1 with Scm3 and the reduced levels of centromeric Scm3 suggest that Pat1, together with Scm3, plays a critical role in protecting centromeric Cse4 from Psh1-mediated ubiquitination.
DISCUSSION
Evolutionarily conserved histone H3 variant Cse4 and its homologues are essential for chromosome segregation (Allshire and Karpen, 2008; Verdaasdonk and Bloom, 2011; Burrack and Berman, 2012; Maddox et al., 2012) . In budding yeast, two pools of Cse4 molecules have been identified at kinetochores (Lawrimore et al., 2011; Haase et al., 2013) . The complex with core Cse4 molecules interacts with kinetochore microtubules, and the accessory Cse4 molecules that reside at the peri-CEN region may be required for rapid assembly of Cse4 upon eviction from centromeres (Haase et al., 2013) . Peri-CEN Cse4 pools are reduced in a pat1Δ strain, which exhibits defects in chromosome segregation and altered structure of CEN chromatin (Haase et al., 2013; Mishra et al., 2013; Scott and Bloom, 2014) . Here we show that Pat1 interacts with Scm3 and E3-ubiquitin ligase Psh1 to maintain peri-CEN Cse4 at kinetochores by protecting it from Psh1-mediated ubiquitination. These conclusions are based on results showing that pat1Δ strains exhibit 1) an increase in Cse4 ubiquitination, 2) a faster turnover of Cse4 at kinetochores, 3) reduced Cse4 ubiquitination when combined with psh1Δ, and 4) reduced levels of centromeric Scm3. Furthermore, transient induction of PSH1 in a wild-type strain exhibits phenotypes similar FIGURE 4: Induction of Psh1 causes increased ubiquitination and increased proteolysis of Cse4. (A) Western blot analysis was done using whole-cell protein extracts prepared from WT (YMB6398) and pat1Δ (YMB8948) strains transformed with vector (pRS426 GAL1) or GALPSH1HA (pMB1628). Strains were grown to logarithmic phase of growth in synthetic medium, and gene expression was induced in the presence of galactose plus raffinose (2% each) at 30°C for 6 h. Blots were probed with α-HA for expression of GALPSH1HA and α-Tub2 (served as a loading control) antibodies. Molecular weight markers for protein size in kilodaltons. (B) Transient induction of PSH1 increases Cse4 ubiquitination. Western blotting showing the levels of Cse4 ubiquitination in WT (YMB6398) and pat1Δ (YMB8948) strains transformed with vector (pRS426 GAL1) or GALPSH1HA (pMB1628). Strains were grown to logarithmic phase of growth in synthetic medium, and gene expression was induced in the presence of galactose plus raffinose (2% each) at 30°C for 6 h. Ubiquitin pull down was performed as described in Materials and Methods. Eluted proteins were analyzed by Western blotting with α-Myc (Cse4) or α-Tub2 (served as a loading control) antibodies. Molecular weight markers for protein size in kilodaltons. (C) Transient induction of PSH1 causes increased proteolysis of Cse4. WT (YMB6398) strains transformed with vector (pRS426 GAL1) or GALPSH1HA (pMB1628) were grown to logarithmic phase of growth in synthetic medium, and gene expression was induced in the presence of galactose plus raffinose (2% each) at 30°C for 6 h. Cycloheximide (100 μg/ml) was added to the cultures, and samples were collected at indicated time intervals. Protein extracts were prepared and analyzed by Western blotting with α-Myc (Cse4) or α-Tub2 (served as a loading control) antibody. Molecular weight markers for protein size in kilodaltons. (D) Rate of Cse4 degradation is faster in a WT strain with transient induction of PSH1. Signal intensities from Western blots shown in C were quantified and statistically analyzed as described previously (Au et al., 2008) . Average from three biological experiments ± SE. peri-CEN chromatin were depleted in a pat1Δ strain (Haase et al., 2013) . We propose that the macromolecular kinetochore complex protects the core Cse4 molecules and renders these molecules inaccessible to Psh1 activity; however, the peri-CEN Cse4 pools are vulnerable to ubiquitin-mediated proteolysis. This dynamic property of Cse4 ubiquitination is important for mitosis, as the pat1Δ strain exhibits spindle checkpoint-dependent cell cycle delay and errors in chromosome segregation (Wang et al., 1996; Haase et al., 2013; Mishra et al., 2013) . Furthermore, we showed that ubiquitination of Cse4 is cell cycle regulated in wild-type cells. The abundance of ubiquitinated Cse4 increases from S phase to G2/M cells and decreases rapidly in cells synchronized in G1, suggesting a high degree of coordination between Cse4 ubiquitination and cell cycle. Future studies should give us insights into the functional relevance of the cell cycle-regulated ubiquitination of Cse4.
Cse4 is recruited to kinetochores in early S phase, and it remains stably associated with it throughout the cell cycle (Pearson et al., 2004; Boeckmann et al., 2013; Wisniewski et al., 2014) . These observations are supported by a low recovery of Cse4-GFP after photobleaching at metaphase kinetochores in a wild-type strain. ChIP assays and cell biology experiments have shown reduced levels of CEN-associated Cse4 in a pat1Δ strain, which were primarily attributed to the loss of peri-CEN Cse4 molecules from kinetochores (Haase et al., 2013) . It was unclear whether Pat1 is required for the recruitment of Cse4 molecules or its maintenance at kinetochores. Faster recovery of Cse4-GFP in pat1Δ strains indicates that Cse4 is exchanged rapidly at metaphase kinetochores. These results establish that Pat1 is not required for recruitment of Cse4 molecules to the CEN but is required for the stable maintenance of peri-CEN Cse4 molecules at kinetochores.
We propose that increased levels of ubiquitination of Cse4 in pat1Δ strains are contributed by an E3-ubiquitin ligase, Psh1. Support for this hypothesis is derived from results that showed 1) absence of Cse4 ubiquitination upon deletion of PSH1 in a pat1Δ strain, 2) in vivo interaction of Pat1 with Psh1 and Cse4, and to a pat1Δ strain, such as increased Cse4 ubiquitination, reduction in CEN-associated Cse4, altered structure of CEN chromatin, and distribution of Cse4 at the kinetochores.
Our results show that Pat1 protects CEN-associated Cse4 pools from Psh1-mediated ubiquitination. A higher enrichment of ubiquitinated Cse4 was observed in a pat1Δ strain, particularly in G2/M cells, which correlated with increased levels of CEN-associated Psh1. Consistent with this hypothesis, Cse4 molecules from FIGURE 6: Induction of Psh1 causes structural alterations in CEN chromatin. Transient induction of PSH1 increases the accessibility of DraI to CEN chromatin. WT (YMB6398) and pat1Δ (YMB8948) strains transformed with vector (pRS426 GAL1) or GALPSH1HA (pMB1628) were grown to logarithmic phase of growth in synthetic medium, and gene expression was induced in the presence of galactose plus raffinose (2% each) at 30°C for 6 h. Nuclei were prepared and treated with DraI restriction enzyme to measure enzymatic accessibility as described previously . DraI accessibility of CEN chromatin (CEN3) is significantly increased upon overexpression of PSH1 in WT and pat1Δ strains but had no significant affect at H3-chromatin (ADP1). Average from three biological experiments ± SE . **p < 0.01, ns, statistically not significant, Student's t test.
FIGURE 5: Induction of Psh1 causes reduction in CEN levels of Cse4, and its spatial distribution is altered at the kinetochores. (A) Transient induction of PSH1 causes reduction in CEN levels of Cse4. WT (YMB6398) and pat1Δ (YMB8948) strains transformed with vector (pRS426 GAL1) or GALPSH1HA (pMB1628) were grown to logarithmic phase of growth in synthetic medium, and gene expression was induced in the presence of galactose plus raffinose (2% each) at 30°C for 6 h. ChIP for Cse4 was performed. The enrichment levels of Cse4 at CEN (CEN1, CEN3, CEN5) and non-CEN (HML) regions are presented. Enrichment was determined by qPCR and is shown as percentage input. Average from three biological experiments ± SE. **p < 0.01, ns, statistically not significant, Student's t test. (B) Transient induction of PSH1 causes alterations in the appearance of Cse4 at kinetochores. The height of the cluster of Cse4-GFP at kinetochores was determined from line scans (perpendicular to the spindle axis) through the protein cluster as previously described (Haase et al., 2013) . The height was determined from the full-width, full-maximum of the Gaussian distribution. The average spot width of Cse4-GFP foci is shown in WT (KBY2012) and pat1Δ (KBY8166) strains overexpressing PSH1 (GALPSH1HA, pMB1628) for 6 h. Sample sizes range from 11 to 15 cells for each condition, and representative images from each condition are shown. *p < 0.05, Student's t test.
In conclusion, we showed that Pat1 plays a major role for peri-CEN Cse4 molecules to remain stably associated with the kinetochores. CEN chromatin-containing Pat1 shields Cse4 from Psh1mediated ubiquitination to maintain kinetochore structure and function. In the absence of Pat1, these peri-CEN Cse4 molecules are vulnerable to Psh1-mediated ubiquitination. Our studies provide novel insights into how Pat1 helps to maintain peri-CEN Cse4 molecules at the budding yeast kinetochores.
MATERIALS AND METHODS
Strains, plasmids, and growth conditions
Yeast strains and plasmids used are listed in Table 1 . Strains were grown in 1% yeast extract, 2% Bacto-Peptone, and 2% glucose (YPD) or in synthetic yeast medium containing either glucose (2%) or galactose plus raffinose (2% each) with supplements to allow for the selection of plasmids being examined. Wild-type strain with cse4 16KR was grown in galactose plus raffinose (2% each) for 4 h to induce the expression of mutant allele of Cse4. Viability assays for the wild-type and pat1Δ strains containing GALPSH1HA (pMB1628) or vector (pRS426 GAL1) were carried out by spotting serial dilutions of equal numbers of cells from three independent transformants for each strain on synthetic medium at 30°C.
3) increased levels of CEN-associated Psh1 in a pat1Δ strain during G2/M (mitotic cells), when maximum levels of Cse4 ubiquitination were observed. Further support for a role of Pat1 in regulating peri-CEN Cse4 is derived from our results with transient induction of PSH1, which resulted in phenotypes similar to a pat1Δ strain, such as increased ubiquitination and altered spatial distribution of Cse4.
In addition to regulating the levels of peri-CEN Cse4 (Haase et al., 2013) , we now provide evidence that Pat1 interacts with Scm3 and regulates its levels at the CEN. Scm3, a Cse4-specific chaperone, was shown to be involved in the protection of Cse4 from Psh1mediated ubiquitination (Camahort et al., 2007; Mizuguchi et al., 2007; Stoler et al., 2007; Hewawasam et al., 2010; Mishra et al., 2011; Shivaraju et al., 2011) . The in vivo interaction between Pat1 and Scm3 and the reduced levels of CEN-associated Scm3 in pat1Δ strains further support the role of Pat1 in the maintenance of Cse4 at the kinetochores. Unlike Cse4, which shows discrete localization to kinetochore clusters, localization of Scm3 is diffuse throughout the nucleus, and its association with centromeres is cell cycle dependent and dynamic (Luconi et al., 2011; Mishra et al., 2011; Wisniewski et al., 2014) . Hence it is not possible to use cell biology approaches similar to the ones used for Cse4 to discern the level of Scm3 in the peri-CEN and determine the relative contributions of Pat1 and Scm3 in Cse4 ubiquitination.
FIGURE 7: Induction of Psh1 causes structural alterations of Cse4 at kinetochores. Statistical probability map from experimental images representing kinetochore-associated Cse4 upon PSH1 induction in a WT (KBY2012) strain. Statistical analysis of images is shown at the bottom. Distance from the spindle pole is the average distance. The width across the spindle is obtained by adding the average distances below and above the spindle axis. The detailed procedure used to prepare statistical probability maps was described previously (Haase et al., 2013) . (A) Experimental statistical probability map for Cse4 in a WT strain without PSH1 induction. Map was generated from 208 images. (B) Experimental statistical probability map for Cse4 in a WT strain with PSH1 induction (GALPSH1). Map was generated from 204 images.
Cell cycle arrest and FACS analysis
Cells were grown in YPD to logarithmic phase at 30ºC, treated for 2 h with 3 μM α-factor (RP01002; GenScript, Piscataway, NJ) to arrest cells in G1, 0.2 M hydroxyurea (HU; H8627; Sigma-Aldrich, St. Louis, MO) to arrest cells in S phase, and 20 μg/ml nocodazole (M1404; Sigma-Aldrich) to arrest cells in G2/M. Samples were analyzed by FACS to confirm the cell cycle arrest using a Becton-Dickinson FACSort flow cytometer and Cell Quest software (BD Biosciences, Boston, MA). Cell cycle stages were determined based on nuclear position and cell morphology in propidium iodide-stained cells using the Zeiss Axioskop 2 microscope (Carl Zeiss, Peabody, MA) as described previously (Calvert and Lannigan, 2010) .
Ubiquitin affinity pull-down assay
Ubiquitin affinity pull-down experiments were performed in three biological replicates as described previously (Hjerpe et al., 2009; Au et al., 2013) . Briefly, yeast strains were grown to the logarithmic phase in YPD or synthetic medium with either 2% glucose or galactose plus raffinose (2% each) containing supplements to allow selection of plasmids being examined. Cultures were treated with sodium azide (0.1%) for 5 min, and cells were collected. Cell pellets were dissolved in lysis buffer (20 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 , 5 mM tetra-sodium pyrophosphate, 50 mM NaF, 1 mM dithiothreitol, 10 mM β-glycerophosphate, 2 mM EDTA, 1% NP-40, 5 mM N-ethylmaleimide, 1 mM phenylmethylsulfonyl fluoride) and protease inhibitor cocktail (P8215; Sigma-Aldrich), and an equal volume of glass beads (425-600 μM) was added. Cells were lysed by bead beating (three times, 2 min each time), followed by vortexing for 60 min at 4°C. Cell lysates were normalized for protein concentration and used for affinity purification with 25 μl of tandem ubiquitin-binding entities Agarose-TUBE1 (UM401; Life Sensors, Malvern, PA; exhibits high affinity to monoubiquitinated and polyubiquitin chain of K48 linkage) or control agarose (UM400; Life Sensors) at 4°C for 16 h. Beads were washed with 1× Tris-buffered saline (TBS) with Tween-20 (0.1%) at room temperature (three times, 5 min each time). The bound proteins were eluted in 2× Laemmli buffer by incubating at 100°C for 10 min and analyzed by Western blotting. Protein intensity signals were quantified using Gene Tools version 3.08 software (SynGene, Cambridge, United Kingdom). Relative ubiquitination of Cse4 in different cell cycle stages was measured as a ratio of ubiquitinated to input Cse4, and statistical significance was determined by Student's t test. We used an independent approach to confirm the results of ubiquitin affinity pull-down assays by performing immunoprecipitation of Cse4, followed by Western blotting as described previously (Ranjitkar et al., 2010; Deyter and Biggins, 2014) .
Immunoprecipitation, protein stability, and Western blotting assays
Immunoprecipitation experiments were performed as described previously (Mishra et al., 2011) . Protein samples were prepared using the trichloroacetic acid procedure (Cox et al., 1997) , protein concentrations were determined using the DC protein assay (Bio-Rad, Hercules, CA), and equal amounts of protein for each sample were assayed by Western blotting. Primary antibodies used were α-Myc (Z-5, sc-789; Santa Cruz Biotechnology, Dallas, TX), α-TAP (CAB1001; Thermo Scientific, Carlsbad, CA), α-HA (clone 12CA5; Roche, Pleasanton, CA), α-histone H3 (ab1791-100; Abcam, Cambridge, MA), α-histone H2B (ab1790; Abcam), α-Flag (F-3165; Sigma-Aldrich), α-ubiquitin (ab6309-1; Abcam), and α-tubulin 2 (Tub2; Mishra et al., 2011) . Secondary antibodies used were sheep α-mouse immunoglobulin (IgG; NA931V; Amersham Biosciences, Amersham, United Kingdom) and donkey α-rabbit IgG (NA934V, Amersham). acid, pH 6.8), followed by three washes with FA buffer (50 mM Na-HEPES, pH 7.6, 1 mM EDTA, 1% Triton X-100, 150 mM NaCl, 0.1% Na-deoxycholate) with protease inhibitor cocktail (P8215; Sigma-Aldrich). Spheroplasts were then resuspended in FA buffer with protease inhibitors and sonicated on ice at 30% output cycle for five 12-s bursts applied 2 min apart to obtain an average DNA fragment size of 400 base pairs. The resulting soluble chromatin fraction was used for immunoprecipitation experiments as described previously (Mishra et al., 2007 (Mishra et al., , 2011 , using the following antibodies: α-TAP (CAB1001; Thermo Scientific), α-Myc (A7470; Sigma-Aldrich), α-Flag (A2220; Sigma-Aldrich), and α-glutathione-S-transferase (Z-5, sc-459; Santa Cruz Biotechnology). Quantitative-PCR using ChIP DNA (ChIP-qPCR) was performed in the 7500 Fast Real Time PCR System using Fast Protein stability assays were performed as described previously (Au et al., 2008; Au et al., 2013) .
Chromatin immunoprecipitation and quantitative PCR
ChIP experiments were carried out in three biological replicates as described previously (Mishra et al., 2007 (Mishra et al., , 2011 , with minor modifications. Briefly, cultures were cross-linked with 1% formaldehyde (final concentration) for 15 min and quenched with 125 mM glycine for 5 min at room temperature. Cell pellets were collected by centrifugation, washed with TBS (20 mM Tris-HCl, pH 7.6; 150 mM NaCl) and then used to prepare spheroplasts using Zymolyase 100T. Spheroplasts were washed once with postspheroplasting buffer (1.2 M sorbitol, 1 mM MgCl 2 , 20 mM Na-1,4-piperazinediethanesulfonic ura3-1 leu2,3-112 his3-1 trp1-1 ade2-1 can1- 
YPH499
MATa ura3-52 lys2-801 ade2-101 trp1Δ63 his3Δ200 leu2Δ1 Sikorski and Hieter (1989) Plasmid Description Reference pRS426-GAL1 2μm URA3 GAL1 Sikorski and Hieter (1989) , Mumberg et al. (1994) pMB1628 2μm URA3 GAL1/10-PSH1-HA Gelperin et al. (2005) intensity by placing a 5 × 5-pixel region around the localized fluorescence. The total Cse4-GFP fluorescence intensity was then determined by subtracting the intracellular background levels.
SYBR Green Master Mix (Applied Biosystems, Foster City, CA) following conditions described in Mishra et al. (2011) . The enrichment values were calculated as percentage input using the ΔΔCt method (Livak and Schmittgen, 2001) . The primer sequences used in this study are listed in Table 2 .
Preparation of yeast nuclei and DraI accessibility assay
Wild-type and pat1Δ strains carrying vector (pRS426 GAL1) or GALPSH1HA (pMB1628) were grown in synthetic yeast medium with galactose plus raffinose (2% each) for 6 h at 30°C to mid log phase. Nuclei were prepared from the cells, digested with DraI (0 and 100 U/ml of nuclei) for 30 min at 37°C, and DNA was extracted following the procedure described in previous studies (Saunders et al., 1990; Mishra et al., 2013) . The susceptibility of chromatin to DraI digestion (100 U/ml) was determined by quantitative real-time PCR as described previously using primers flanking DraI sites of CEN3 (CEN-chromatin) and ADP1 (non-CEN chromatin used as a control). The fraction of DNA digested by the DraI (100 U/ml) enzyme was determined by normalizing the Ct values to an untreated control (no DraI).
Imaging techniques and microscopy
Cultures grown to logarithmic phase at room temperature were used for all imaging experiments. Metaphase cells were selected based on the position of kinetochores (Cse4-GFP) and spindle pole bodies (Spc29-CFP) as live-cell markers (Chen et al., 2000; Maddox et al., 2000) . Cells were imaged at room temperature on a Nikon TE-2000E inverted microscope equipped with a 1.4 numerical aperture, 100× Plan-Apo objective (Nikon Instruments, Melville, NY) as described previously (Salmon et al., 2013) . Thirteen images stepped through a 200-nm z-axis were obtained for each cell using imaging and acquisition software from MetaMorph (Molecular Devices, Sunnyvale, CA). Kinetochore foci were measured by fitting to a Gaussian distribution to the fluorescent spot. The width of the fluorescent spot was determined from the full-width, full-maximum of the Gaussian distribution. The detailed experimental procedure for the preparation of statistical probability maps was described previously (Haase et al., 2013) . Cse4-GFP FRAP experiments were done using cells grown to logarithmic phase of growth at room temperature and imaging of metaphase cells as described previously (Chen et al., 2000; Maddox et al., 2000) . The positions of kinetochores (Cse4-GFP) and spindle pole bodies (Spc29-CFP) were used as live-cell markers for cell cycle stage to identify cells in metaphase. One cluster of Cse4-GFP fluorescence was photobleached with a short, 35-ms exposure of focused 488-nm laser light in metaphase cells. A five-plane fluorescence z-series (0.5-μm steps) was obtained immediately after laser exposure to measure the fluorescence photobleaching and recovery as previously described (Pearson et al., 2004) . Cse4-GFP fluorescence intensities were determined by collecting the integrated
